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[57] ABSTRACT 
A process for re?ning inorganic salts of an inorganic 
acid which is displaceable by sulfuric acid, such as 
phosphate and carbonate minerals like apatite and do 
lomite. In the process, an aqueous reaction mixture is 
provided comprising the salt and an aqueous reaction 
medium, and sulfur dioxide and oxygen are introduced 
into the aqueous medium. The salt, sulfur dioxide and 
oxygen are reacted in the aqueous medium to release 
the inorganic acid and to convert the inorganic salt to 
the corresponding inorganic sulfate. 
5 Claims, No Drawings 
3,886,259 
1 
PROCESS FOR MINERAL REFINING 
This invention relates to a process for treating certain 
inorganic salts, and more particularly, relates to a pro 
cess for refining such materials in an aqueous reaction 
medium through the use of sulfur dioxide and oxygen, 
to provide inorganic sulfates and to release the anions 
of the inorganic salts. The process has particular appli 
cation for mineral re?ning and processing. 
Conventional mineral technology is generally con 
cerned with the separation, conversion. re?nement and 
extraction of mineral materials and their components 
to provide useful raw and ?nished materials for indus 
trial and other use. Known methods of re?ning and sep 
arating the components of non-sulfate mineral salts 
have various disadvantages and limitations which are 
overcome by the present invention. 
It is known to treat some abundant carbonate miner 
als with heat or strong, concentrated acids such as by» 
drochloric or sulfuric acid, to effect thermal decompo 
sition, or conversion to mineral chlorides or sulfates. 
For example, as disclosed in US. Pat. No. 3,116,974, 
it is known to calcine the mineral dolomite to drive off 
the anionic moiety (as carbon dioxide) leaving a mix 
ture of calcium and magnesium oxides which may be 
slaked to provide a mixture of calcium hydroxide, mag 
nesium hydroxide and magnesium oxide. This mixture 
may be selectively solubilized by means ofan acid such 
as hydrochloric acid to provide a soluble calcium salt 
such as calcium chloride which is easily separated from 
the remaining magnesium oxide and hydroxide solids. 
Although efficient and useful, such processes for refin 
ing carbonate minerals which employ a calcination 
step, have a significant disadvantage in requiring the 
expenditure of large amounts of thermal energy, and 
usually require a cheap and readily available fuel 
source. in addition. large amounts of acid are required. 
It is also known to treat mineral salts directly with 
strong acids to effect release of the anionic moiety and 
separation of components. For example, apatite [Ca5F 
(PO,,)3] is conventionally treated with concentrated 
sulfuric acid to provide either the superphosphate use 
ful as a fertilizer, ‘or a mixture of phosphoric acid and 
calcium sulfate which is separated by settling and ?ltra 
tion. 
However, conventional processes involving treat 
ment of such minerals with sulfuric acid have various 
disadvantages. One disadvantage inheres in the use of 
sulfuric acid itself rather than a raw material such as 
sulfur dioxide. For example, conventional apatite rock 
fertilizer plants are required to either ship in sulfuric 
acid or to have as an adjunctive facility a costly and 
complete sulfuric acid manufacturing plant, which may 
require a capital outlay about equivalent to that of the 
apatite treatment operation. In addition, there are 
other difficulties involving the direct use of concen 
trated sulfuric acid for re?ning minerals. For example, 
in the commercial treatment of apatite with sulfuric 
acid, uneconomical limitations relating to conditions 
required for formation of ?lterable crystals of calcium 
sulfate (usually of the dihydrate) may be encountered. 
Another disadvantage is that the conventional treat 
ment of apatite with sulfuric acid may liberate danger 
ous and corrosive hydrogen ?uoride and ?uosilicic 
acid. 
In view of the disadvantages of such known, commer‘ 
cial methods. a process for re?ning inorganic salt mate 
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rials such as phosphate and carbonate minerals, to pro‘ 
vide the corresponding inorganic sulfates and to release 
the anions of such materials, which would employ sul 
fur dioxide raw material rather than sulfuric acid, 
would be very desirable. However. prior art processes, 
for example the process of US. Pat. No. 1,356,907 to 
Collings et al, employing sulfur dioxide in the manu» 
facture of inorganic sulfates from minerals have been 
limited in their application to basic mineral oxides and 
hydroxides. The weakly acidic sulfur dioxide will 
readily react with the hydroxides to form sulfite and bi 
sulfite solutions which may then be subsequently con 
verted to sulfates by oxidation, with loss of sulfur diox 
ide in the case of previous bisulfate formation. Since 
mineral salts do not readily react with sulfur dioxide in 
this manner, calcination of appropriate mineral salts 
such as carbonate minerals, despite its disadvantages, 
has been employed to convert them to basic oxides and 
hydroxides so that such processes may be used. 
A process for re?ning phosphate and carbonate min 
erals which would utilize sulfur dioxide as a raw mate 
rial would be ef?cient and useful, particularly for pro 
cessing mineral deposits having a convenient source of 
sulfur dioxide. 
In addition, a process which would be capable of pro 
viding calcium sulfate in its crystalline, dihydrate form 
would be very desirable, as would such a process, as ap~ 
plied to the treatment of apatite, which would not re 
lease corrosive hydrogen ?uoride or fluosilicic acid. A 
mineral treatment process which does not involve a cal 
cination step would also be very desirable. 
It is a principal object of this invention to provide a 
process for re?ning abundant inorganic salt materials 
such as phosphate and carbonate minerals, whic pro 
cess will yield the corresponding sulfates and release 
the anionic moiety of the salt material. An additional 
object is the provision of a process for separating and 
re?ning the components of phosphate and carbonate 
minerals in an aqueous medium, which involves the ad 
dition and aqueous~phase reaction of sulfur dioxide and 
oxygen. It is a further object to provide a source of cal 
cium sulfate from calcium-containing phosphate and 
carbonate minerals such as apatite and dolomite. An 
additional object is to provide a process for the produc 
tion of ?lterable crystalline calcium sulfate, such as the 
dihydrate. Another object is the provision of a process 
for re?ning apatite which does not release corrosive hy 
drogen ?uoride or fluosilicic acid (H2SiF6). Yet an 
other object is the provision of a mineral re?ning pro 
cess which does not require a prior calcination step, 
and which permits the recyclic use. of strong acids used 
for refining minerals, such as hydrochloric acid. 
The present invention is generally directed to a pro 
cess for re?ning an inorganic salt of an inorganic acid 
which is displaceable by sulfuric acid. The process 
comprises the steps of providing an aqueous reaction 
mixture comprising the salt and an aqueous reaction 
medium, introducing sulfur dioxide and oxygen into the 
aqueous reaction ‘medium, and reacting the inorganic 
salt, the sulfur dioxide and the oxygen in the aqueous 
reaction medium to release the inorganic acid from the 
inorganic salt and to convert the inorganic salt to the 
corresponding inorganic sulfate. 
The process is particularly advantageous for re?ning 
phosphate minerals, carbonate minerals, and water sol 
uble inorganic salts ofcations which have water insolu 
ble sulfates. The terms phosphate mineral and carbon 
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ate mineral refer to minerals comprising one or more 
metallic cations and one or more phosphate or carbon 
ate anions, Phosphate and carbonate minerals are 
readily re?ned by the process, and the phosphoric and 
carbonic acids are readily released. In the case of the 
phosphate minerals, the phosphate anions will gener 
ally be released as phosphoric acid, while in the case of 
carbonate minerals, the process generally provides car 
bon dioxide gas, which may be regarded as carbonic 
acid anhydride. 
The phosphate anions may also be in the form of con 
densed phosphates such as the polyphosphates and the 
metaphosphates. Speci?c examples of suitable phos 
phate minerals are amblygonite [AlPO4.LiF], apatite 
[CaF2.3Ca3P2O8], autunnite [CaO.2UO3.P2O5.8H2O], 
beryllonite [NaBePO,], cacoxenite [FePO.,.Fe(OH)3 
4-l/2H2O], herderite [CaPO,.BeFOH], monazite [(Ce, 
Nd, Pr, La) PO,+Th;,(PO,)4], monetite IHCaPOJ, 
newberyite [HMgPO4.3H2O] spyromorphite 
[PbCl2.3 Pb3(PO4)2], stengite [FePO4.2H2Ol, 
triphylitelithiophyllite {Le(Fe,Mn)PO4], variscite [Al 
PO4.2H2Ol, vivianite [Fe3(PO4)2.8H2O] and wavellite 
[4AlPO,.2AL(OH)3.9l-L,O]. 
Specific examples of suitable carbonate minerals are 
aragonite and calcite [CaCO3], azurite [2CuCO3. 
Cu(OH)2], dolomite [CaCO3.MgCO;,], gay-lussite {Ca 
CO3.Na2CO3.5H2O], lanthanite [La2(CO3)a.9H2O], 
leadhillite _[Pb(OH)2.PbSO4.2PbCO3], magnesite 
[MgCO3], malachite {CuCO3.Cu(OH)z] and siderite 
[FeCO3]. 
Specific examples of water soluble salts having corre 
sponding water insoluble sulfates are calcium chloride 
and calcium nitrate. 
in accordance with the invention, an aqueous reac 
tion mixture comprising the inorganic salt and an aque 
ous reaction medium is provided for processing of the 
inorganic salt. 
The inorganic salts are considered to be processed in 
an aqueous reaction mixture when they are dissolved 
in, suspended in, immersed in, or otherwise contacted 
by water which is in the liquid phase. The aqueous re 
action medium may contain other components in addi 
tion to the water. For example, the present invention 
contemplates recyclic use of the aqueous reaction me 
dium for successive batches of inorganic salt. Accord 
ingly, the aqueous reaction medium may contain the 
inorganic acids such as phosphoric, hydrochloric or ni 
tric acids released by the refining of the previous 
batches in the aqueous reaction medium. lnorganic 
salts which are water soluble, such as calcium chloride, 
should be completely dissolved in the aqueous reaction 
medium prior to or during treatment with sulfur diox 
ide and oxygen. Although inorganic salts of intermedi» 
ate water solubility might be completely dissolved in 
the aqueous reaction medium, it is usually advanta 
geous to reduce the volume of the aqueous reaction 
medium used for the treatment of the mineral by sus 
pending, immersing or otherwise contacting the min 
eral with an insufficient amount of water to completely 
dissolve it at the selected conditions of temperature 
and pressure. However, most of the minerals useful 
herein have such low water solubilities that they are 
considered water-insoluble, and are provided in the 
aqueous reaction mixture in the solid state rather than 
in solution. 
It should be noted that when the minerals are pro 
cessed in the aqueous reaction medium in the solid 
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state, that the re?ning rate is generally affected by the 
size of the mineral solids. Generally, the smaller the 
size of a mineral solid, the more rapid will be the 
progress of its treatment. The selection of the size of 
the mineral solids will depend upon various factors, 
such as the relative economy and ease of breaking up, 
grinding or powdering the mineral, the scale and size of 
the mineral processing operation, the degree of suscep< 
tibility of the particular mineral to the process of this 
invention, and the selected conditions of catalyst, pres 
sure, temperature, and sulfuric acid concentration in 
the aqueous reaction medium. Generally, for large 
scale commercial mineral processing, it is preferred 
that the mineral be broken up into pieces having a larg 
est linear dimension of less than two centimeters. Of 
course, ?ner subdivision, for example such that the 
mineral is capable of passing through a size 80 or even 
a size 200 or smaller sieve of the US. Sieve Series will 
generally facilitate more rapid mineral processing, and 
will more readily permit continuous, slurry-type opera 
tions. Particular minerals to be treated by this process 
in the solid state may not require such ?ne subdivision, 
while other minerals which are treated only with diffi 
culty should preferably be of the smaller particle size 
in order to facilitate their rapid processing. if the min 
eral is of small enough particle size, it may be slurried 
or suspended in the aqueous reaction medium during 
processing with sulfur dioxide and oxygen by some 
means such as by constant agitation of the aqueous me 
dium. Alternatively, the solid mineral may simply be 
immersed in the aqueous reaction medium in a suitable 
reaction vessel or tank, or otherwise contacted by it 
such as by recycle spraying of the aqueous reaction me 
dium through a porous bed of the mineral. 
in the process, sulfur dioxide and oxygen are intro 
duced into the aqueous reaction medium. The sulfur 
dioxide may be provided and introduced into the aque 
ous medium for the treatment of the mineral by any 
suitable method. For example, sulfur dioxide provided 
by burning elemental sulfur, through the roasting of 
sul?de minerals, or from the reductive decomposition 
of sulfates such as described in US. Pat. No. 3,087,790 
to Wheelock et al., may be introduced into the bottom 
of a reaction vessel containing the aqueous reaction 
mixture so that it passes through the aqueous reaction 
medium. Or, sulfur dioxide may be introduced under 
pressure into the chamber of a pressurized reaction 
vessel which contains the aqueous reaction mixture. 
Oxygen may similarly be provided and introduced 
into the aqueous medium by any suitable method. in 
various embodiments of the process, pure oxygen is in 
troduced into the aqueous reaction medium with the 
sulfur dioxide. In other embodiments, the oxygen is 
supplied in admixture with other gases. In this regard, 
air is an economical source of oxygen, and in various 
embodiments of the process, the introduction of air 
into the aqueous reaction medium is a particularly pre 
ferred manner to introduce the oxygen required by the 
process. 
The amount and rate of introduction ofsulfur dioxide 
and oxygen into the aqueous reaction medium may de 
pend on the type of mineral to be treated, and the con 
ditions of temperature, catalyst, and reaction pressure. 
Of course, at least one mole of sulfur dioxide and one 
half mole of oxygen must be provided for each mole of 
sulfate ions in the inorganic sulfate product of the pro 
cess. However, excess sulfur dioxide, oxygen or both 
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may be introduced to achieve additional benefits of this 
invention for particular minerals. For example, as here 
inafter described, the oxidation state of iron cations 
may be controlled in this way. It is helpful, particularly 
at atmospheric pressure, to introduce these reactant 
gases by sparging into the bottom of the aqueous reac 
tion medium in the form of ?ne bubbles through the 
use of suitable gas-dispersing means. 
When the sulfur dioxide and oxygen are introduced 
directly into the aqueous reaction medium, as by sparg 
ing, the sulfur dioxide and oxygen or air should best be 
well mixed before such introduction. Ordinarily, the 
introduction of sulfur dioxide and oxygen is continued 
until sufficient amounts of these reactants have been 
introduced and reacted to provide substantially com 
plete release of the sulfuric acid-displaceable anions of 
the inorganic salts. 
Some inorganic salts, depending upon their chemical 
and/or physical properties, are readily reactive and re 
quire little, if any, sulfur dioxide and oxygen beyond 
that necessary to provide the sulfate moiety of the inor 
ganic sulfate product. However, some minerals which 
react with less facility may best be treated in aqueous 
reaction media which contain substantial amounts of 
sulfuric acid, such as above about 10% by weight or 
more. If it is desired to provide and maintain a particu 
lar concentration of sulfuric acid in the aqueous reac 
tion medium, that concentration may ?rst be provided 
by the introduction and aqueous phase oxidation of a 
sufficient amount of sulfur dioxide to provide the de 
sired concentration of sulfuric acid, followed by the in 
troduction of a sufficient amount of sulfur dioxide and 
oxygen to replace that used up as the mineral is pro 
cessed at the selected conditions of temperature and 
pressure. 
In accordance with the present process, the inorganic 
salt, the sulfur dioxide and the oxygen are reacted in 
the aqueous reaction medium to release the displace 
able inorganic acid from the inorganic salt, and to con 
vert the inorganic salt to the corresponding inorganic 
sulfate. 
While it is possible that the reaction might be carried 
out to some extent at atmospheric pressure merely by 
the introduction of sulfur dioxide and oxygen, it is gen 
erally unacceptably slow for commercial re?ning, par 
ticularly for phosphate or carbonate minerals. Thus, 
the process should be facilitated by catalysts, superat 
mospheric pressure or by both. The reaction should 
also be carried out at elevated temperatures above am 
bient temperature. Useful catalytic materials for the re 
action are those compounds which are catalysts for the 
aqueous phase oxidation of sulfur dioxide. Examples of 
such catalysts are inorganic iron and manganese com 
pounds such as iron and manganese sulfates, and com 
pounds of rare earths such as cerium. 
However, these specific catalysts may tend to lose 
their catalytic activity as moderately strong sulfuric 
acid solutions, such as above about 20 percent by 
weight, are formed by the continued introduction and 
oxidation of sulfur dioxide in the aqueous reaction me 
dium. Accordingly, they are not capable of, or have re 
duced capability for, providing concentrated sulfuric 
acid solutions. As the processing of minerals which 
react with dif?culty, for example due to chemical com 
position, mineral size, silicious or other impurities, or 
thermal history may benefit from relatively high con 
centrations of sulfuric acid in the aqueous reaction me 
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dium (eg to provide sufficiently rapid mineral treat 
ment for economical operation), the use of more effec 
tive catalysts may be desirable. In this regard, oxides of 
nitrogen, particularly higher oxides such as nitrogen di 
oxide, nitric acid, and salts of nitric acid such as manga 
nous nitrate and ferric nitrate, have been found to be 
particularly preferred catalysts for the aqueous reac 
tion of inorganic salt, sulfur dioxide and oxygen in the 
aqueous reaction medium. These preferred catalysts 
not only provide for more rapid reaction of the inor 
ganic salt, sulfur dioxide and oxygen, but also permit 
the attainment of very high concentrations of sulfuric 
acid in the aqueous reaction medium through the con 
tinued introduction and reaction of sulfur dioxide and 
oxygen. Through the use of such catalysts, sulfur diox 
ide and oxygen may be rapidly added to and reacted in 
the aqueous reaction medium, even at atmospheric 
pressure. Catalysts are preferably used in amounts of 
about 0.5 percent, based on the weight of the water in 
the aqueous reaction medium. However, larger 
amounts may certainly also be used, and amounts as 
low as 0.1 percent, or even lower can provide catalytic 
enhancement of the process. It should be noted that 
many of the phosphate and carbonate minerals or other 
materials which may be processed by means of this in 
vention either contain catalytic impurities, or may be 
catalysts themselves. For example, deposits of wavellite 
[4ALPO,.ZAL(OH)3.9H2OI may contain up to 8 per 
cent by weight of iron oxide. However, even though in 
such cases catalysts may be present in the aqueous me 
dium without separate addition, it may be bene?cial to 
add additional catalysts, particularly the preferred ni 
trogen oxide, nitric acid, or nitrate salt catalysts. 
Elevated pressures are also useful to facilitate min 
eral processing and the rate at which sulfur dioxide and 
oxygen may be introduced and reacted in the aqueous 
reaction medium. In addition, employing superatmos 
pheric pressures facilitates the use of elevated tempera 
tures. In this regard, reaction pressures of about 30 psig 
or more are bene?cial, particularly in combination with 
oxidation catalysts. Conducting the process at pres 
sures of about 150 psig or more, both with and without 
added catalysts, has provided particularly favorable re 
sults with respect to reaction velocity and mineral pro» 
cessing rate. 
As noted, the reaction should generally be carried 
out at an elevated temperature, which is preferably in 
excess of about 50°C. The reaction is best conducted 
at a temperature of between about 65°C. and about 
95°C., with 70°C. to 95°C. being a preferred range for 
operation under pressure. 
An oxidation catalyst and an elevated pressure and 
temperature are preferably used in combination in 
order to achieve maximum benefits and processing 
rate, except where particular economic considerations 
might limit processing to atmospheric-pressure equip 
ment. 
The reaction of the inorganic salt, sulfur dioxide and 
oxygen serves to convert the salt to the corresponding 
inorganic sulfate and to release the displaceable inor 
ganic acid from the inorganic salt. If the inorganic sul 
fate and the released inorganic acid are both water sol 
uble, they may be readily separated from insoluble im 
purities such as silica originally present in the salt by 
sedimentation or filtration. For example, processing of 
an impure variscite [AlPO.,.2H2O] will provide a solu 
tion of aluminum sulfate and phosphoric acid which is 
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easily separated by sedimentation and filtration from 
silicious or other insoluble impurities. As an additional 
example, which also demonstrates the control of the 
oxidation state of a mineral cation. vivianite [Feat 
POil-btlH-lOl may be reacted in an aqueous medium 
with sulfur dioxide and only a sufficient amount of oxy» 
gen or air for conversion to a solution of ferrous sulfate 
and phosphoric acid. This solution may be separated 
from insoluble impurities and the ferrous sul— 
fate-phosphoric acid solution may be subsequently fur 
ther oxidized to ferric sulfate if desired. The vivianite 
could also be initially reacted with sulfur dioxide and 
an excess of oxygen or air so that a solution of phos~ 
phoric acid. and ferric sulfate, would be produced di< 
rectly. 
Carbonate minerals will provide carbon dioxide gas 
which is easily or spontaneously separated from the 
aqueous reaction medium. For example, dolomite will 
generate carbon dioxide, leaving magnesium sulfate 
and calcium sulfate in the aqueous reaction medium. 
If an inorganic sulfate provided by the process is wa 
ter-insoluble, it may be readily separated from a soluble 
displaced inorganic acid. For example, treatment of py 
romorphite [PbCl2.3Pb3(PO4)2] would provide a solu 
tion of phosphoric and hydrochloric acids which is eas 
ily separated from the insoluble lead sulfate also pro 
duced. It should be noted that particularly when the 
particle or unit size of a solid mineral being processed 
is rather large, there may be a tendency for the insolu» 
ble sulfate product to coat the mineral being processed, 
thereby possibly retarding the refining process. Under 
such circumstances it may be desirable to agitate and 
abrade the mineral, for example, by stirring, in order to 
provide constantly fresh reaction surfaces. 
A particularly advantageous feature of the present 
invention is that the insoluble sulfates, such as calcium 
sulfate, may be provided in easily filterable crystalline 
form from inorganic salts, such as apatite, which are 
calcium salts of displaceable acid. In this regard, for ex 
ample, calcium sulfate dihydrate may be readily pro 
vided as a reaction product in the form of relatively 
large, easily filterable parallelogram-shaped crystals 
having a length of about two or three times their width. 
The following Examples illustrate various aspects of 
the present invention. 
EXAMPLE 1 
Apatite [Ca5F(PO4)3], which naturally contains very 
minor amounts of catalytic impurities including rare 
earths, iron, and manganese, is ground so that it is ca 
pable of passing through a size 80 sieve of the US. 
Sieve Series. 75 grams of ground apatite, 425 grams of 
water and 4 grams of ferric nitrate catalyst are placed 
in a l liter pressure reactor and the reactor sealed. 
Conversion of the 75 grams of apatite (0.15 mole) re 
quires about 0.625 mole of 502. At 70°C. and 130 psig, 
the head space of this reactor contains only about 0.2 
mole of 502, but adequate S02 dissolves under these 
conditions in the aqueous reaction medium to provide 
for the remainder necessary for conversion. The tern‘ 
peraturc is raised to 70°C. and the reactor charged with 
sulfur dioxide to 130 pounds per square inch. Oxygen 
is added to keep the total pressure in the reactor at 200 
pounds per square inch. The temperature is allowed to 
rise to 85°C. during the reaction. The apatite is substan 
tially reacted within 15 minutes but an additional l5 
minutes is allowed for digestion and lowering of the 
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temperature to 70°C The products of the reaction are 
readily tilterahlc crystalline calcium sulfate dihydrate, 
calcium fluoride. and phsphoric acid, along with some 
other insolubles. The calcium sulfate phosphoric are 
relathely large, parallclograni-shapcd platelets (with 
missing corners) having a length to width ratio of about 
2 or 3. Some ofthe individual crystals are visible to the 
naked eye. The calcium sulfate, calcium fluoride, and 
insolubles are separated from the phosphoric acid by 
filtration to provide a dilute solution of phosphoric 
acid. The residue of insolubles is wahscd with water 
and the wash water combined with the phosphoric acid 
solution. so that losses of phosphoric acid are mini< 
mized to less than I percent by weight. The dilute phos 
phoric acid solution may be concentrated by recycling. 
i.e., used in the aqueous reaction medium for succes» 
sive batches of apatite. 
EXAMPLE 2 
75 grams of ground apatite and 425 grams of 25 per 
cent by weight phosphoric acid which contains 1 per 
cent by weight ferric nitrate are placed in a one liter re 
action vcssel fitted with a gas-dispersing inlet port on 
the bottom of the vessel and a mechanical stirring de 
vice. The stirring device is activated and the tempera 
ture is raised to about 70°C. and maintained at that 
temperature. Sulfur dioxide and air are fed at atmo— 
spheric pressure into the reactor so that the molar ratio 
of sulfur dioxide to oxygen is maintained at about 2:1 
or slightly less. In this connection, sulfur dioxide at a 
rate of.l00 cc. per minute and air at a rate of 300 cc. 
per minute are mixed and sparged through the gas inlet 
port at the bottom of the reaction vessel, while the stir 
ring disperses the gas bubbles in the slurry. The reac 
tion proceeds without liberating corrosive hydrogen 
?uoride or ?uosilicie acid. The reaction is continued in 
this manner for several hours until the apatite is com 
pletely reacted. in this regard, the course of the reac 
tion is followed with pH measurements, and is termi‘ 
nated when the pH drops below 05, indicating the 
presence of more than 0.1 normal H2SO4 free in the 
aqueous reaction medium. 
The solids are then separated by ?ltration from the 
solution containing the phosphoric acid. The solids, 
consisting mainly of crystalline calcium sulfate dihy 
drate and calcium ?uoride, are washed with water pre 
viously used for scrubbing gases exiting from the reac 
tor. This wash water is subsequently used to make up 
water for the aqueous reaction medium for the next 
batch of apatite to keep losses within the system. 
Alternatively, the refining of apatite as described in 
this example is carried out by starting with 75 grams of 
ground apatite in 400 grams of water containing 1 to 2 
percent by weight nitric acid or ferric nitrate. 
EXAMPLE 3 
A series of runs are conducted at atmospheric pres 
sure in the apparatus of Example 2. In these runs, 75 
grams of the ground apatite of Example 2 is placed in 
the reaction vessel with 425 grams of various aqueous 
reaction media as follows: 
a. water, 
b. 10% by weight nitric acid solution, 
c. 20% by weight phosphoric acid, 10% by weight ni 
tric acid solutionv 
Ferric nitrate (4 grams), manganous sulfate (4 grams). 
nitrogen dioxide, or the nitric acid (in the case of the 
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nitric acid solutions) may serve as catalysts. The stir 
ring device is activated and the temperature is raised to 
85°C. if necessary. Sulfur dioxide and air are fed into 
the gas inlet port at a ratio of about 2:5 or slightly less. 
The time for the reaction to be complete for each run 
depends upon the rate of addition of the sulfur dioxide 
and air, the catalyst used, the temperature, and the na 
ture of the aqueous reaction medium used. For exam 
ple, for the run using the l0 percent nitric acid solu 
tion, at 85°C, and with a rate of introduction of S02 and 
air of 350 cc. per minute (250 cc./min., of air, I00 
cc./min. of $02), the reaction is complete in about 1 
hour. 
In all runs, the solids are readily separated by filtra 
tion from the solution containing the phosphoric acid 
produced during the reaction. The solids, consisting 
mainly of crystalline calcium sulfate dihydrate, silica, 
and calcium ?uoride are washed with water and the 
wash water is used for scrubbing gases exiting from the 
reaction vessel in successive runs to recover any nitro 
gen dioxide or sulfur dioxide which might be lost other 
wise and may also be used as make up water for succes 
sive runs to keep losses within the system. 
EXAMPLE 4 
Dolomite [CaCO3, MgCO3] is ground so that it is ca 
pable of passing through a size 80 sieve of the US. 
Sieve Series. 22 grams of this ground dolomite and 400 
grams of water are charged into a 1 liter pressure reac 
tion vessel. 5 grams of ferric nitrate are then added to 
the reaction vessel. The vessel is sealed, heated to 
about 85°C and charged with sulfur dioxide so that the 
vessel is pressurized at a pressure of lOO pounds per 
square inch. Oxygen is then introduced into the reac 
tion vessel at a rate sufficient to maintain the vessel 
pressure at 350 pounds per square inch. After 30 min 
utes no additional oxygen is required to maintain the 
pressure at 350 pounds per square inch and the reac 
tion is completed when the pH drops below 0.5. The 
reaction vessel pressure is slowly released by allowing 
the escape of oxygen and carbon dioxide from the head 
space of the reaction vessel into a carbon dioxide re 
covery system. 
The contents of the reaction vessel are emptied into 
a tank ?lled with a stirrring mechanism and allowed to 
digest for an hour at less than 70°C. The digested mix 
ture of solids and liquids is separated by ?ltration. The 
solid phase is washed with 50 grams of water. The wash 
water is sent back to the reaction vessel to make up 
aqueous reaction medium for the next batch of dolo 
mite. The residue consists mainly of calcium sulfate in 
the crystalline dihydrate form [CaSO4.2H2O] with 
some silica and other insolubles. For dolomite lime 
stone containing 90 percent dolomite the filtrate would 
contain about 0.2 moles of magnesium sulfate per liter 
of solution. For recycle operation, 350 grams of the 
magnesium sulfate solution is returned to the reaction 
vessel and combined with the wash water to make up 
the aqueous reaction medium for the next batch. The 
50 grams of remaining ?ltrate is processed for recovery 
of the magnesium content. The advantage of this tech 
nique, when scaled up for industrial production, is that 
after a finite number of recycle steps the magnesium 
sulfate concentration is increased to a desirable and 
practical concentration for further processing and only 
a small fraction of catalyst need be added to the system 
after start up. Also, losses of MgSOi are minimized by 
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keeping them confined to the system. This example 
demonstrates the direct conversion of dolomite into 
calcium and magnesium sulfates and the ready separa 
tion of these sulfates. The conversion of dolomite of 
this example into calcium and magnesium sulfates is 
complete, and is accomplished without the necessity 
for the prior calcination of the mineral. 
EXAMPLE 5 
Naturally occurring wavellite [4AlPO,.2Al(OH)3.9~ 
H2O] is ground so that it is capable of passing through 
a size 80 sieve of the U57 Sieve Series. The mineral nat 
urally contains about 8 percent by weight M203 and 
about 9% CaO as impurities. 50 grams of this ground 
wavellite and 425 grams of water containing 5 grams of 
concentrated nitric acid are placed in a reaction vessel 
?tted with a gas-dispersing inlet port on the vessel bot» 
tom and a mechanical stirring device. Sulfur dioxide, at 
a rate of 100 cc. per minute and air at a rate of 250 cc. 
per minute are introduced at atmospheric pressure 
through the gas inlet port with continuous mechanical 
stirring and reacted at a temperature maintained be 
tween 70°C. and 80°C. The stirring and sulfur dioxide 
air addition are continued for up to several hours with 
the progress of the reaction being monitored by pH 
measurement. The flow of sulfur dioxide is then re‘ 
duced to 50 cc. per minute while the rate of air flow re 
mains unchanged so that any ferrous sulfate is oxidized 
to ferric sulfate. The air and sulfur dioxide flow are 
then stopped and a solution containing aluminum sul 
fate and phosphoric acid is recovered by filtration from 
an insoluble residue of calcium sulfate and silicious im 
purities. 
EXAMPLE 6 
75 grams of powdered malachite [CuCO3.Cu(OH)2], 
and 425 grams of water containing 5 grams of ferric ni 
trate are placed at about 50°C. in a reaction vessel ?t‘ 
ted with a gas inlet port on the vessel bottom, a me 
chanical stirring device, and a pressure vent. Sulfur di 
oxide at a rate of 10 cc. per minute and air at a rate of 
70 cc. per minute are introduced through the gas inlet 
port with continuous mechnical stirring, and the pres 
sure is maintained at about 150 psig by bleeding gases 
(mainly nitrogen and carbon dioxide) from the vessel 
by means of the valve. Upon completion of the reac» 
tion, a solution of copper sulfate is provided. 
EXAMPLE 7 
300 grams of a 25 percent solids slurry consisting of 
75 grams of ground dolomite and 225 grams of water 
are placed in an open-topped glass reactor vessel hav 
ing a gas-dispersing inlet port on the vessel bottom and 
a stirring mechanism. Nitrogen dioxide is then intro 
duced through the inlet port and bubbled through the 
slurry for several minutes at room temperature. After 
discontinuing the flow of nitrogen dioxide, sulfur diox 
ide and oxygen are then mixed and fed with stirring 
through the inlet port at a molar ratio of l to l and at 
a total ?ow rate of 200 cc. per minute. The tempera 
ture of slurry immediately begins to rise as the sulfur 
dioxide is oxidized in the aqueous medium, and crystals 
of calcium sulfate dihydrate are soon visible in the 
slurry. The temperature of the reaction vessel is kept 
below 70°C. by cooling, if necessary, to promote the 
formation of calcium sulfate dihydrate. After about ‘A 
hour the molar ratio of sulfur dioxide to oxygen is 
3,886,259 
It 
changed to 2:1 ($02102) while maintaining a total flow 
rate of 200 cc. per minute of the mixed gases through 
the inlet port, After about an hour the pH of the aque 
ous reaction medium in the reaction vessel is about l.5. 
and the ?ow of gases is terminated after about 2 hours. 
The reaction vessel contains a solution of magnesium 
sulfate and sulfuric acid, and an insoluble precipitate of 
chie?y calcium sulfate dihydrate. Alternatively, the re» 
action of this example can be carried out by using air 
as a source of oxygen and continuously mixing a cata 
lytic amount of nitrogen dioxide with the sulfur dioxide 
and oxygen, or using another highly effective catalyst 
such as ferric nitrate, manganous nitrate or nitric acid. 
EXAMPLE 8 
Two separate reactions are carried out which are 
similar except that a different mineral is refined in 
each. The minerals re?ned are, respectively, variscite 
[AlPCuJl-MO] and monetite fHC‘aPO?. 10,000 
pounds of each mineral, which has been broken up so 
that it is capable of passing through a screen with one 
half inch openings, are respectively placed in separate 
2500 gallon reactors, along with 50 pounds of ferric ni 
trate, and 1,000 gallons of water. Sulfur dioxide and air 
at a ratio such that the molar ratio of sulfur dioxide to 
oxygen is 2; l .5, are slowly introduced into the reactors 
and reacted at a temperature in the range of 75°C. to 
95°C, Higher temperatures, and pressures above atmo‘ 
spheric may also be used if desired. The exit gases are 
scrubbed by passing them through another water, min 
eral and catalyst ?lled reactor, and finally through a 
tower containing water and catalyst which will be used 
for succeeding batches of mineral. The variscite and 
monetite are converted to solutions of phosphoric acid 
and, respectively, soluble aluminum sulfate, and insolu 
ble calcium sulfate, 
Although it has been described in detail for the refin 
ing of carbonate and phosphate minerals, the process 
does have application for re?ning inorganic salts which 
have one or more metallic cations and one or more in 
organic acid anions which are capable of aqueous 
phase displacement by sulfuric acid. For example, cole 
manite [Ca2B6OW5l-l2O] has a borate anion which is 
displaceable by sulfuric acid, and re?ning of this min 
eral by the present process provides insoluble calcium 
sulfate and releases the borate anion of the mineral. 
Water-soluble inorganic salts which have sulfuric 
acid-replaceable anions, particularly those for which 
the corresponding sulfates of the cations of the salts are 
water-insoluble, are very conveniently re?ned by the 
process as may be seen from the following example. 
Although elevated temperatures of about 85°C. may 
be briefiy employed, when it is desired that a calcium 
sulfate precipitate be in the crystalline, dihydrate form, 
the reaction temperature is best not permitted to ex 
ceed about 70°C, for any considerable period of time 
since the dihydrate produced may be converted to an 
hydrite above that temperature. The precise upper 
temperature limit for crystalline calcium sulfate dihy‘ 
drate production may vary, for example as a function 
of phosphoric acid concentration, and should be specif 
ically determined for the particular process applica» 
non. 
EXAMPLE 9 
500 grams of calcium chloride solution are prepared 
by dissolving l00 grams of calcium chloride in 400 
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grams of water. This solution is placed in a l liter, 3 
necked ?ask ?tted with a mechanical stirrer and two 
glass bubbling frits extending below the surface of the 
solution. The stirrer is activated and sulfur dioxide is 
introduced into the solution at a rate of 250 cc. per 
minute through one frit and air is bubbled through the 
other frit at a rate of 750 cc. per minute, Calcium chlo 
ride from a number of sources contains sufficient iron 
to serve as a catalyst; however, 5 grams of nitric acid 
(or a trace of nitrogen dioxide introduced into the air 
stream) is added to further catalyze the reaction. The 
reaction is complete within 2 hours and the calcium 
chloride has been converted into crystalline, dihydrate 
calcium sulfate [CaSO,.2H,O]. The process is carried 
out at temperatures below 65°C, to promote and main 
tain rapid crystal growth of calcium sulfate dihydrate. 
The aqueous reaction medium contains the byproduct 
hydrochloric acid, sulfuric acid, and the nitric acid cat 
alyst, which are readily separated from the calcium sul 
fate by filtration. The calcium sulfate ?ltrate is washed 
with a small amount of water about equivalent to that 
retained by the calcium sulfate by absorption and water 
of hydration, and the wash water is added to the hydro 
chloric acid solution. 
When the reaction of Example 9 is carried out so that 
only enough sulfur dioxide is introduced and oxidized 
in the aqueous reaction medium to provide the calcium 
sulfate product, so that there is very little if any sulfuric 
acid in the aqueous medium at the termination of the 
reaction, the ?ltrate containing the displaced hydro 
chloric'acid and catalyst can be reacted with, for exam 
ple, calcite [CaCO3] to release the carbonate ions as 
carbon dioxide, and to provide a solution of calcium 
chloride. The calcium chloride solution is readily sepa 
rated from insoluble impurities in the calcite, and al 
ready contains the reaction catalyst for repeating the 
reaction described in Example 9; separation of the re 
action products would provide the calcium sulfate 
product and would regenerate the hydrochloric acid 
solution for subsequent reaction with more calcite. The 
action cycle may be repeated indefnitely with relatively 
minor additions of hydrochloric acid, catalyst and 
water to replace that which is inadvertently or unavoid 
ably lost from the system for one reason or another. 
The net result of the reaction cycle is essentially that 
only calcite, sulfur dioxide and oxygen are consumed, 
and carbon dioxide and calcium sulfate are produced. 
Yet the bene?ts of processing with hydrochloric acid, 
such as rapid displacement of the carbonate anion to 
provide a calcium chloride solution that is easily me 
tered and transported by pumping and readily sepa 
rated from insoluble impurities. are obtained without a 
net expenditure of hydrochloric acid. Such a process 
not only eliminates the need for calcining the carbon 
ate mineral, but also provides additional bene?ts such 
as the above mentioned processability and purification. 
When the cation (or cations) of the soluble, inor 
ganic salt has a soluble sulfate, the sulfate is then 
readily separated from other cations having insoluble 
sulfates. For example, reacting magnesite lMgCOal 
with hydrochloric acid will provide a solution of mag 
nesium chloride which may be processed as described 
in Example 1 l, to provide a solution of magnesium sul 
fate and hydrochloric acid which may be separated 
from insoluble sulfate impurities by ?ltration or sedi 
mentation. 
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Mineral salts having cations which have both soluble 
and insoluble sulfates may also be refined and the com 
ponents separated. For example, dolomite {CaCO3.M 
gCOal may be reacted with nitric acid or hydrochloric 
acid to displace the carbonate ions and provide a solu 
tion of calcium and magnesium chlorides or nitrates. 
The solution may be processed to provide insoluble cal 
cium sulfate and a solution of magnesium sulfate and 
hydrochloric or nitric acid. The magnesium sulfate may 
be recovered or removed and the acid recycled to treat 
more dolomite. Alternatively, a solution of calcium 
chloride and magnesium chloride could be reacted with 
only a sufficient amount of sulfur dioxide and oxygen 
to convert only the major portion of the calcium chlo 
ride to calcium sulfate, leaving a solution of hydrochlo 
ric acid, magnesium chloride and the small excess of 
calcium chloride. 
Accordingly, it can be seen that the process of this 
invention enables the efficient recyclic use of strong 
acids, such as hydrochloric acid and nitric acid in min 
eral re?ning processes. In the case of carbonate miner 
als, this eliminates the need for calcination, and pro 
vides additional bene?ts and processing ?exibility. 
The reaction mechanism or mechanisms involved in 
the present invention are believed to be complex and 
might involve reaction schemes generally described as 
either more or less direct formation of the inorganic 
sulfate, or intermediate formation of sulfuric acid in the 
aqueous reaction medium followed by reaction of the 
sulfuric acid thus formed, with the inorganic salt. Pro 
cessing of solutions of salts having cations which have 
insoluble sulfates can proceed with virtually no macro 
scopic concentration or buildup of sulfuric acid while 
as described hereinabove, some insoluble, difficult to 
process minerals may best be processed by maintaining 
a particular concentration of sulfuric acid in the aque 
ous reaction medium. ln any event, inorganic salts hav 
ing one or more anions which are replaceable by sulfu 
ric acid in an aqueous reaction medium are satisfacto 
rily re?ned by various embodiments of the present pro 
cess. 
The refining process described herein may be em 
ployed with a wide variety of minerals, plant operation 
techniques, and equipment. Various applications of 
this process for the treatment, separation, extraction, 
or puri?cation of specific mineral materials will be ap 
parent to those skilled in the art in view of this disclo 
sure. For large mineral refining operations, the process 
may advantageously be operated in a continuous man 
ner rather than in batches, to effect economies of size 
and mechanization. 
It will also be understood by those skilled in the art 
that the process need not be carried out to chemical 
completion on any given amount of mineral. While 
complete displacement of phosphate and carbonate an 
ions may be accomplished, incomplete displacement 
may be desired under certain circumstances. 
In addition, this invention may be advantageously in 
tegrated with other processes. For example, the reduc 
tive decomposition of sulfates such as gypsum provides 
sulfur dioxide byproduct but uses sulfate raw material. 
Since the present invention provides inorganic sulfates 
but requires sulfur dioxide raw material, these two pro— 
cesses may be bene?cially combined to provide effi 
cient, recyclic use of sulfur dioxide. Other sources of 
sulfur dioxide, such as the petroleum and coal combus 
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tion products of commercial power plants. may advan 
tageously be consumed thereby. 
As another example of the recyclic use of strong 
acids enabled by the present invention, the process dis 
closed in U.S. Pat, No. 3,1 H1974 may be used to pro 
vide calcium chloride, but requires hydrochloric acid, 
Since the present invention may be used to refine cal_ 
cium chloride to provide insoluble calcium sulfate and 
hydrochloric acid, these two processes, also. may be 
bene?cially combined to provide recyclic use of hydro 
chloric acid in a mineral re?ning process. 
Various of the features of the invention are set forth 
in the following claims. 
What is claimed is: 
l. A process employing the recyclic use of sulfur di 
oxide in the re?ning of an inorganic calcium material 
selected from the group consisting of calcium phos 
phate minerals, calcium carbonate minerals, calcium 
chloride and calcium nitrate, comprising, in combina 
tion, the steps of 
providing an aqueous reaction mixture comprising 
said inorganic material, an aqueous reaction me 
dium, and at least about 0.5 weight percent, based 
on the weight of said aqueous reaction medium, of 
a catalyst for the aqueous phase oxidation of sulfur 
dioxide selected from the group consisting of nitro» 
gen oxides, nitric acid, and ferric nitrate, 
introducing sulfur dioxide and oxygen into said aque 
ous reaction mixture, and 
reacting said inorganic material, said sulfur dioxide, 
and said oxygen in said aqueous reaction medium 
at an elevated pressure of at least about 30 psig and 
at a temperature of from about 50°C. to about 
70°C. to provide a precipitate of calcium sulfate di 
hydrate in the form of readily filterable parallelo» 
gram-shaped crystals having a length to width ratio 
of from about 2 to about 3, and to release the ani 
onic moiety of said inorganic material as phosporic 
acid, carbon dioxide, hydrochloric acid or nitric 
acid, respectively, 
separating said calcium sulfate precipitate from said 
aqueous reaction medium, 
reductively decomposing said calcium sulfate precip 
itate to provide sulfur dioxide, and 
subsequently reacting said sulfur dioxide produced 
by said reductive decomposition with oxygen and 
an inorganic calcium compound selected from the 
group consisting of calcium phosphate minerals, 
calcium carbonate minerals, calcium chloride and 
calcium nitrate in an aqueous reaction medium 
containing at least about 0.5 weight percent, based 
on the weight of said reaction medium, of a catalyst 
selected from the group consisting of nitrogen ox 
ides, nitric acid and ferric nitrate, at an elevated 
pressure of at least about 30 psig and at a tempera 
ture of from about 50°C. to about 70°C. to provide 
a calcium sulfate dihydrate precipitate in the form 
of readily ?lterable parallelogramshaped crystals 
having a length to width ratio of from about 2 to 
about 3 and to release the anionic moiety of said 
inorganic compound. 
2. A process in accordance with claim 1 wherein said 
inorganic material is selected from the group consisting 
of wavellite, apatite and dolomite. 
3. A process in accordance with claim 1 wherein air 
is employed to supply said oxygen to said reaction. 
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4. A process for refining calcium carbonate minerals 
which employs rccyclic use of hydrochloric acid. com 
prising the steps of 
reacting a calcium carbonate mineral with hydro 
chloric acid to prmide calcium chloride. 
providing an aqueous reaction medium comprising 
said calcium chloride and at least about 0.5 weight 
percent. based on the weight of said aqueous reac 
tion medium. of a catalyst for the aqueous phase 
oxidation of sulfur dioxide selected from the group 
consisting of nitrogen oxides, nitric acid, and ferric 
nitrate. 
introducing sulfur dioxide and oxygen into said aque 
ous reaction mixture, 
reacting said calcium chloride, said sulfur dioxide 
and said oxygen in said aqueous reaction medium 
it) 
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at an elevated pressure of at least about 30 psig and 
at a temperature of from about 50°C. to about 
70°C to provide a precipitate of calcium sulfate di 
hydrate in the form of readily ?lterable parallelo 
gramshapcd crystals having a length to width ratio 
of from about 2 to about 3, and to displace the 
chloride anion of said calcium chloride to provide 
hydrochloric acid byproduct_ 
separating said calcium sulfate precipitate from said 
hydrochloric acid byproduct, and 
reacting said byproduct hydrochloric acid with a cal 
cium carbonate mineral to provide calcium chlo 
ride‘ 
5. A process in accordance with claim 4 wherein air 
is employed to supply said oxygen to said reaction. 
* * * =l< * i 
